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Abstract 
In this paper, authors propose a new method to fabricate metal nanodot array on a plastic film. This process 
comprises three steps; firstly, a substrate is deposited with metal. Then, a nanodot array is formed on the substrate 
surface by thermal dewetting. Finally, the nanodot array is transferred to a plastic film. Using the proposed method, 
gold nanodot array is fabricated on epoxy films. Furthermore, in this paper, the effects of process parameters such as 
annealing temperature, substrate material and plastic material on dot transfer ratio to a plastic film are studied. The 
mechanism of dot transfer from a substrate to a plastic film is also discussed in details. The transfer ratio increases as 
the annealing temperature is higher. Silicon substrate results slightly higher contact angle and transfer ratio than quartz 
glass substrate.  Araldite rapid epoxy decreases transfer ratio while SpeciFix-20 epoxy increases transfer ratio when 
the annealing temperature is higher. Highest transfer ratios of 95% and 87% were achieved when transferring nanodot 
array from silicon substrate and quartz glass substrate to Araldite rapid epoxy film, respectively. Highest transfer ratio 
of 91% was achieved when transferring nanodot array from quartz glass substrate to SpeciFix-20 epoxy. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo 
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1. Introduction 
 Recently, metallic nanodot arrays have been 
attracting interest because of their unique optical 
property such as localize surface plasmon resonance 
(LSPR), LSPR is a collective oscillation of the 
conduction electrons on the surface of nanodots when 
they are excited by incident light of specific 
wavelengths. Large electromagnetic field enhancement 
at the LSPR frequency [1, 2] on the surface of metallic 
nanodot induces very strong absorption and scattering of 
the light. This makes metallic nanodots very auspicious 
to be applied to dark field imaging [3-6], bio-sensing [5-
9], photo-thermal therapy [10-12] and plasmonic solar 
cells [2, 13-16], etc. A nanodot array is regularly aligned 
nanodots. It is known that the LSPR property depends on 
the shape, size, arrangement of the nanodot and 
dielectric constant of medium surrounding the nanodot 
[5, 10, 11, 17, 18]. For this reason, adding bio species 
such as proteins, anti-bodies, etc. on the surface of 
nanodot array causes the shift of LSPR peak. Change of 
bio species on nanodot array can be detected by 
variation of LSPR peak. Furthermore, the shape, size 
and arrangement of nanodot array can be tuned to 
enhance plasmonic sensitivity. Therefore, nanodot arrays 
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can be applied to high sensitivity bio sensing devices.  
 Usually, nanodot arrays can be fabricated by 
conventional top-down nanofabrication methods like EB 
lithography or UV lithography [19, 20]. The advantage 
of these methods is high accuracy fabrication (shape, 
size, arrangement of the nanodot array). However, these 
methods are very stringent, complicated and low 
throughput. Also, the production cost is high due to 
expensive equipment. On the other hand, bottom-up 
methods such as self-assembly method [21, 22] is 
suitable to fabricate nanodots of some tens nanometer in 
diameter at a very high throughput. However, the 
uniformity and regularity of the nanodot array fabricated 
by bottom-up methods are low. In order to obtain 
ordered nanodot arrays, the authors developed a 
combined process of metal deposition, patterning by 
nano plastic forming (NPF) and annealing [23]. 
However, only substrates of high melting temperature 
materials such as silicon, quartz, etc. are available in this 
process.  The new idea in this study is to make ordered 
nanodot arrays on plastic films which can be flexibly 
utilized in more variety of applications. Moreover, 
plastic (polymer) substrate is more useful for bio 
devices, because it is flexible, light weight, low cost, 
durable, chemical resistant and reliable, etc. Fabrication 
of metallic nanodot array on plastic substrates will 
broaden its applications and considerably reduces the 
production cost.  
 The objective of this research is to develop a new 
process to fabricate a metal nanodot array on a plastic 
film by combination of metal deposition, thermal 
dewetting and transferring nanodot array to a plastic film, 
and to study the effect of process parameters on dot 
transfer ratio to a plastic film. In this paper, the effect of 
annealing temperature, substrate material and plastic 
material on the transfer ratio of random nanodot array to 
a plastic film is studied.   
2. Experiment method 
Figure 1 shows the proposed process to fabricate 
nanodot array on a plastic film. The process comprises 
three steps; firstly, substrate is deposited with metal. 
Then, the nanodot array is formed on the substrate 
surface by thermal dewetting. Finally, the nanodot array 
is transferred to a plastic film. The experiments were 
conducted as follows: 
 Silicon <110> substrate and quartz glass substrates 
of 10 mm × 10 mm × 1 mm in size were used for the 
experiment. The substrates were cleaned by ultrasonic 
vibration in an acetone bath for 10 minutes. After the 
substrates were dried, gold was deposited on the surface 
of the substrates by a DC sputter coater. The sputter gas 
was argon, and its pressure was 0.1 MPa. The distance 
between the substrate and a gold target was 35 mm. The 
sputtering current was kept to 5 mA during sputter 
deposition. The thickness of the deposited gold layer 
was controlled to 8 nm by controlling the sputtering 
time. The gold coated substrates were annealed in an 
electrical furnace for 10 minutes at various temperatures; 
600oC, 700oC, 800oC, 900oC and 1000oC. Then, the 
specimens were taken out of the furnace and cooled 
down in air atmosphere. The nanodots on silicon 
substrate and quartz glass substrates were then observed 
by a field-emission scanning electron microscope (FE-
SEM). Each substrate was dried by blowing hot air by a 
drier for 2 minutes to improve the adhesion between 
nanodots and plastic film. Then, the substrates were 
coated with a thin layer of epoxy mixtures. Two kinds of 
epoxy were tested in the experiments; one is Araldite 
rapid epoxy (a high viscosity epoxy) and the other is 
SpeciFix-20 epoxy (a low viscosity epoxy). The 
processing conditions for each epoxy are as follows: 
Araldite rapid epoxy mixture (mass ratio of    
epoxy:curing agent is 1:1) was coated on the nanodots 
surface. Then, the epoxy coated substrate was cured at 
room temperature for 48 hours to completely harden the 
epoxy film. Finally, the epoxy film was peeled off from 
the substrate.  
SpeciFix-20 epoxy mixture (mass ratio of 
epoxy:curing agent is 7:1) was coated on the nanodots 
surface. The epoxy coated substrate was put in vacuum 
chamber for 15 minutes to remove the bubbles and gas at 
the interface between the nanodots and the epoxy. Then, 
the epoxy was cured at room temperature for 48 hours. 
Finally, the epoxy film was peeled off from the substrate. 
     
Fig. 1. Schematic schedule of process to fabricate nanodot array on 
plastic film 
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Nanodot arrays formed on the quartz glass substrate
and the silicon substrate before transferring and nanodot
array on the epoxy films after transferring were observed
by a FE-SEM. Five points were observed for each
specimen. Each experiment condition is repeated three
times. The number of dots, mean diameter and contact 
angle of nanodots were calculated by using a graphic
analysis system (ImageJ software). Transfer ratio was 
calculated as the ratio of the number of dots on the
plastic film against that on the substrate.
3. Result and discussion
3.1. Effects of substrate material, plastic material and 
annealing temperature on dot transfer ratio
Figure 2 shows the FE-SEM micrographs of gold
nanodots aggregated on (a) quartz glass substrate and (b)
silicon substrate, after annealing at different annealing 
temperatures. It is observed that many gold dots smaller 
than 100nm were fabricated by annealing. It seems that 
the dots are smaller when the annealing temperature is
higher. Also, it is found that the dots shape becomes
more circular when the annealing temperature becomes
higher.
(a) Quartz glass substrate
(b) Silicon substrate
Fig. 2. FE-SEM micrographs of gold nanodot formed on (a) quartz 
glass substrate and (b) silicon substrates after annealing at different 
temperatures
Figure 3 shows the variation of the mean diameter
and its standard deviation of the nanodots against
annealing temperature. It is found from the figure that 
the mean diameter of the nanodots slightly decreases
with the increase of the annealing temperature for both 
the quartz glass substrate and the silicon substrate. The
mean diameter of nanodot array on the silicon substrate 
is smaller than that on the quartz glass substrate. The
standard deviation also decreases when the annealing
temperature becomes higher.
Fig. 3. Mean diameter and its standard deviation of gold nanodots
versus annealing temperature
Figure 4 shows the variation of evaluated contact
angle (see Appendix) of the nanodot array against
annealing temperatures. It is found that the contact angle
increases when the annealing temperature becomes
higher. This is because the dots are not aggregated
completely when the annealing temperature is low (from 
600oC to 800oC). As seen in the Fig. 2, many distorted
dots were generated at annealing temperatures lower 
than 800oC. Thus, the dots were still flat, and average
contact angle was low. On the other hand, the dots were 
aggregated completely and were shaped in circular when
the contact angle was high at higher annealing
temperatures (900oC and 1000oC). Contact angle of the 
nanodot array on a silicon substrate is slightly higher 
than that of the nanodot array on a quartz glass substrate.
This is because the surface energy of silicon <110>
substrate is lower than that of quartz glass substrate (the
surface energy of the silicon <110> substrate is
1510 erg/cm2 [24] and that of the quartz glass substrate
is 1825 erg/cm2 [25]). According to Young s equation,
the contact angle of the dot is higher when the surface
energy of the substrate is lower. 
Fig. 4. Contact angle of nanodot array versus annealing temperature
Figure 5 shows the FE-SEM micrographs of the
gold nanodot transferred to Araldite rapid epoxy films
silicon <110>
800oC 1000oC 600oC 
600oC 800oC 1000oC 
100nm
100nm
Quartz glass
Silicon
Quartz glass
Silicon
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from (a) quartz glass substrate and (b) silicon substrate.
It is found that the gold nanodots were partly transferred 
to the epoxy films for all annealing temperatures from 
600oC to 1000oC. Also, it seems that more dots were
transferred to the epoxy films when the annealing
temperature is lower.
    
(a) Nanodots from quartz glass substrate transferred to
Araldite rapid epoxy film
(b) Nanodots from silicon substrate transferred to
Araldite rapid epoxy film
Fig. 5. FE-SEM micrographs of gold nanodots on Araldite rapid epoxy
film transferred from (a) quartz glass substrate; (b) silicon substrate
Figure 6 shows the variation of the transfer ratio 
against annealing temperature. It is found that the
transfer ratio decreases with the increase of annealing
temperature for both the quartz glass substrate and the
silicon substrate. The silicon substrate shows slightly 
higher transfer ratio than the quartz glass substrate. 
Highest transfer ratios of 95% and 87% were achieved
for the silicon substrate and the quartz glass substrate, 
respectively, when annealing temperature is 600oC.
Fig. 6. Transfer ratio of gold nanodots versus annealing temperature
Figure 7 compares the variation of the transfer ratio
of both plastic materials against annealing temperature.
It is found that they show contrary trends in transfer ratio. 
The transfer ratio of the Araldite rapid epoxy decreases
with the increase of annealing temperature while the 
SpeciFix-20 epoxy increases. Highest transfer ratios of 
87% and 91% were achieved when transferring nanodot 
array from quartz glass substrate to Araldite rapid epoxy
and SpeciFix-20 epoxy, respectively.
Fig. 7. Transfer ratio of Araldite rapid epoxy and SpeciFix-20 epoxy
versus annealing temperature
3.2. Nanodot transfer mechanism
Effect of annealing temperature on the transfer ratio
is explained by the total free energy of the 
dot/substrate/plastic film system. Fig. 8 shows a model 
of dot transfer operation; case I represents a dot 
remained on the substrate, and case II represents a dot 
transferred to the plastic film. 
Fig. 8. Model of transferring nanodot from substrate to plastic film
If the dot is a sphere cap shape, the difference of the
total free energy between case I and case II, W, is 
calculated as in the following equation:
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Where, WI and WII are total free energy of the system in 
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dot. d and p are the surface energy of the dot and the 
plastic film. p  is the interfacial energy between the dot 
and the plastic film.  is the contact angle between the 
dot and substrate. When W >0, case II occurs, thus, the 
dot is transferred to the plastic film. 
 
Contact angle 
 
Fig. 9: Variation of W against  
 
 Figure 9 shows the theoretical variation of W 
against . It is found from the figure that W increases 
with the increase of This indicates that dot transfer 
becomes easier when becomes higher. The SpeciFix-
20 epoxy agrees with the theoretical variation of transfer 
ratio which increases with the increase of contact angle. 
However, the Araldite rapid epoxy shows contrary 
variation of transfer ratio against contact angle. The 
reason is attributed to the difference between viscosities 
of the epoxies. 
 
 
 
 
 (a) Low contact angle             (b) High contact angle 
Fig. 10: Contact of high viscosity epoxy with the nanodot; (a) low 
contact angle; (b) high contact angle   
  The Araldite rapid epoxy is high viscosity resin and 
its flowability is poor. When the contact angle of the dot 
on the substrate is low, this resin is easier to be filled to 
the whole surface of the nanodot as shown in the Fig. 10 
(a). However, when the contact angle of the dot on the 
substrate is higher, it is very difficult to fill the undercut 
at the bottom of the dot. Voids or air will exist at the 
undercut between the dot and the substrate as shown in 
the Fig. 10 (b). These voids reduce the contact area 
between the dot and the Araldite rapid epoxy film. It 
reduces the adhesion of the nanodots to the epoxy film. 
Therefore, even though the contact angle is higher at 
higher annealing temperature, the Araldite rapid epoxy 
results lower transfer ratios. 
 In contrast, the SpeciFix-20 epoxy is low viscosity 
resin and its flowability is good. It is believed that under 
vacuum atmosphere, low viscosity resin can be easily 
filled to the nanodot surface and obtained good contact 
with the nanodot and substrate as shown in the Fig. 11. 
The appearance of small bubbles on the surface of 
SpecFix-20 epoxy film inside the vacuum chamber may 
be attributed to the voids or air at the undercut between 
the nanodot and the quartz glass substrate. Under the 
vacuum atmosphere, these voids are filled with 
SpeciFix-20 epoxy and the air from the undercuts will 
float to the top of the epoxy film. As a result, higher 
contact angle increases contact area between nanodot 
and the epoxy film. Therefore, the transfer ratio 
increases with the increase of contact angle. This agrees 
with the theoretical variation as shown in the Fig. 9.        
 
 attributed to the air at undercut of     
 
 
 
   
(a) Low contact angle             (b) High contact angle 
Fig. 11: Contact of low viscosity epoxy with the nanodot; (a) small 
contact angle; (b) high contact angle without voids or air 
 In the theoretical model shown in figure 9, it is 
assumed that the shapes of the dots are perfect spherical 
cap shapes. However, after annealing, some dots have 
distorted shapes. The distortion of the dots will vary the 
surface area of the dot. At the same time, it also changes 
the interfacial area between the dot and the substrate. 
Consequently, the distortion of the dots will affect its 
free energy and it may affect the dot transfer ratio. 
However, it is difficult to determine the effect of 
distortion of the dots on the dot transfer ratio. Further 
study is necessary.    
4. Conclusion 
(i) A new process to fabricate gold nanodot array on 
a plastic film by transfer technique is proposed in 
this study. This method obtains high transfer ratio.  
 
(ii) The silicon substrate results higher transfer ratio 
than the quartz glass substrate. This is attributed to 
the difference between the surface energy of the 
substrates. 
 
(iii) The plastic materials show contrary trends of 
variation of transfer ratio against annealing 
temperature. Araldite rapid epoxy decreases the 
transfer ratio while the SpeciFix-20 epoxy 
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increases transfer ratio when the annealing 
temperature becomes higher. This is attributed to 
the difference between the viscosities of the 
epoxies. 
 
(iv) Dot transfer mechanism is discussed theoretically 
and compared with the experimental results.  
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Appendix 
 Assume that the dots are sphere cap shape; contact 
angle is constant for all dots; volume of metal layer is 
conserved through the annealing process. Metal 
evaporation does not occur; and diameters and alignment 
of nanodots are random. The contact angle  of the 
random nanodot array is determined as following 
equations: 
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 Where, A is the area of observation. t is initial 
thickness of the coated metal layer. Di is diameter of a 
nanodot. The values of A an Di are determined from FE-
SEM micrograph by a graphic analysis system.  
